Published: January 2, 2020

Results and Discussion {#sec1}
======================

Stripe Formation in Zebrafish Is Mediated by Cell Autonomous as Well as Extrinsic Functions {#sec1.1}
-------------------------------------------------------------------------------------------

The neuropeptide galanin is implicated in a wide range of seemingly unrelated functions in vertebrates, including energy metabolism and sleep homeostasis, food uptake, cognitive functions, and behavior \[[@bib7]\]. These processes are all regulated multifactorially, and the precise role of galanin is difficult to ascertain. Here, we describe a function of galanin signaling via galanin receptor 1A in the zebrafish brain with a clear readout in a mutant color pattern of the adult fish.

In zebrafish, a large collection of mutants and an elaborate tool kit resulted in a rather deep understanding of the cellular and genetic bases of the intricate and protracted process of color pattern formation \[[@bib8], [@bib9]\]. Different receptor-ligand pairs regulate specification, proliferation, and maintenance of each pigment cell type \[[@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\]. Interactions between the three different pigment cell types adjust the cell shapes of xanthophores and iridophores specific for the light and dark stripes and control the width of the stripes \[[@bib1], [@bib16], [@bib17]\]. The precise superposition of the different pigment cells is a crucial hallmark of the pattern. These heterotypic interactions are mediated by integral membrane proteins such as adhesion molecules, a potassium channel, and gap junction components (connexins) \[[@bib2], [@bib3], [@bib5], [@bib18], [@bib19]\]. These factors act cell-autonomously in pigment cells, as revealed in chimeras produced by blastula transplantations.

Extrinsic regulators of stripe formation include the horizontal myoseptum as a general anatomical pre-pattern crucial for the orientation of the stripes \[[@bib1]\]. In addition, a small number of genes have been identified, which are presumably expressed in the tissues immediately adjacent to the pigment cells influencing their interactions. The zinc-finger protein basonuclin 2 (*bnc2*, encoded by *bonaparte*) affects iridophore and xanthophore survival and is detected in the hypodermis and along the myoseptae \[[@bib20]\]. Dominant alleles of aquaporin3a (*mau*) affecting the pore permeability cause a spotted pattern when expressed in the tissue surrounding the pigment cells \[[@bib21]\]. Mutations in *idefix*, which codes for the enzyme spermidine synthase, affect stripe width, presumably because spermidine acts as a cofactor for gap junctions and other channels \[[@bib22]\]. In these instances, the mutant pigment cells are able to contribute to a normal pattern when placed into a wild-type environment in chimeric animals.

Three endocrine pathways have been implicated in the global control of pigment cell behavior during pigment pattern formation. Whereas agouti/melanocortin receptor signaling controls dorso-ventral counter shading \[[@bib23]\], insulin and thyroid hormone signaling affect stripe formation. Insulin signaling needs to be specifically attenuated in melanophores by the sheddase Bace2 to ensure proper stripe formation \[[@bib24]\]. Lack of thyroid hormone leads to an excess of melanophores, while xanthophores remain in a cryptic unpigmented state. An excess of thyroid hormone, in contrast, causes a reduction in melanophore numbers and the over-proliferation of yellow xanthophores. Transcriptional profiling of individual cells indicates that thyroid hormone promotes maturation of melanophores and xanthophores in distinct ways during the formation of the adult pattern \[[@bib6], [@bib25]\].

The *npm* Mutation Impairs Interactions between All Three Types of Pigment Cells {#sec1.2}
--------------------------------------------------------------------------------

Here, we describe the recessive mutant *nepomuk* (*npm*), which appeared spontaneously in our wild-type stock. The fish have only two dark stripes flanking the first light stripe and a rudimentary third dark stripe ventrally ([Figures 1](#fig1){ref-type="fig"}E, 1F, and 1I). They display a shiny appearance due to a less pronounced transition of dense to loose iridophores at the boundaries between light and dark stripes ([Figures 1](#fig1){ref-type="fig"}A, 1B, 1E, and 1F). They also show a reduced melanophore density and increased xanthophore numbers ([Figures 1](#fig1){ref-type="fig"}C, 1G, and 1K--1M). Melanophores in the mutants appear pale due to the aggregation of melanosomes in the center of the cells; fully dispersed melanosomes show that the cells have a more stellate shape than wild-type melanophores ([Figures 1](#fig1){ref-type="fig"}C, 1G, and [S1](#mmc1){ref-type="supplementary-material"}). Whereas xanthophores are not visible in early mutant larvae, ectopic compact xanthophores are present in the dark stripes in adults ([Figures 1](#fig1){ref-type="fig"}D and 1H). [Figures 2](#fig2){ref-type="fig"}A and 2B show the development of the stripes in *npm* mutants compared to wild-type fish of similar stages \[[@bib26]\]; the mutants tend to reach those stages at a smaller body length. In the mutants, melanophores of the ventral dark stripe appear later, and iridophores are less densely organized covering larger regions dorsally and ventrally to the first light stripe. In double mutants of *npm* with *pfeffer* (*csfr1ra*), lacking xanthophores \[[@bib27]\], or with *shady* (*ltk*), lacking iridophores \[[@bib12]\], the remaining melanophores are almost evenly distributed ([Figures 2](#fig2){ref-type="fig"}C and 2D). In the respective, single mutants melanophores are clustered into spots, due to repulsive interactions between them and the other remaining pigment cell type \[[@bib1]\]. These findings suggest impaired interactions in *npm* mutants between melanophores and both xanthophores and iridophores, whereas proliferation and spreading of iridophores and xanthophores across the body appear normal. Taken together, all three cell types seem to be affected in their heterotypic interactions, leading to a more diffuse pattern and a reduced number of stripes.Figure 1The *npm* Mutation Impairs Interactions between Pigment Cells(A--D) Wild-type adult zebrafish (A), magnified mid-trunk area (B), expanded melanophores (C), and detail of 1^st^ ventral dark stripe in fixed specimen (D).(E--H) *npm* adult mutant (E) with magnified mid-trunk area (F). The 2^nd^ ventral dark stripe is underdeveloped (arrow in F). Melanophores appear contracted (G). Pigmented xanthophores appear in the 1^st^ ventral dark stripe in fixed specimen (H; see also [Figure S1](#mmc1){ref-type="supplementary-material"}).(I and J) Number of dark stripes (I) in fish of comparable height (J) (mean ± SD, n = 10).(K) Density of melanophores (mean ± SD, n = 10).(L) Distance between melanophores in the 1^st^ ventral stripe (median ± SD, n = 10).(M) Density of xanthophores in the first light stripe (mean ± SD, n = 10).Figure 2Pigment Pattern of *npm* during Development and in Double Mutants(A) Wild-type iridophores appear as a dense sheet along the horizontal myoseptum (stages PB and PR); they spread dorsally and ventrally where they form secondary light stripes (stages J and J^++^) \[[@bib3]\].(B) In *npm* mutants iridophores fail to form compact sheets. Scale bars, 250 μm.(C) *pfe* mutant (top panel) compared to *npm;pfeffer* double mutant.(D) *shd* mutant (top panel) compared to *npm;shd* double mutant.

*npm* Function Is Not Required in Pigment Cells, but in the Brain {#sec1.3}
-----------------------------------------------------------------

To test whether *npm* mutant pigment cells are competent in stripe formation, we created chimeras by blastomere transplantations from *npm* donor embryos into *nac* (*mitfa*)*;pfe* (*csf1ra*)*;rse* (*ednrb1a*) triple mutant hosts ([Figures 3](#fig3){ref-type="fig"}A1 and 3A2). The *nac;pfe;rse* mutants lack all melanophores and xanthophores as well as S-iridophores, which participate in stripe formation \[[@bib1]\], therefore all the pigment cells in the chimeric fish must come from the *npm* donors. We observed that the *npm* pigment cells in the chimeric fish (5 of 34 transplants) could form a striped pattern with normal stripe width and sharp boundaries, contributing to at least three dark and three light stripes across the entire dorso-ventral extent ([Figures 3](#fig3){ref-type="fig"}A3 and 3A4). This indicates that the *npm* mutation affects the pigment cells indirectly, and *npm*-activity is not required in pigment cells.

Surprisingly, when mutant *npm* blastomeres were transplanted into wild-type recipients, a few chimeras displayed a complete *npm* mutant phenotype throughout the body ([Figure 3](#fig3){ref-type="fig"}B3). This suggests that *npm*-derived tissue leads to a global alteration of the entire pattern in genetically wild-type fish. The frequency of fish displaying a complete mutant pattern depended on the numbers of transplanted *npm* cells. To assess which regions of the body were derived from the mutant donor cells, we transplanted a small number of blastomeres (∼30) of *npm;Tg*(*ubi:Red*) or *npm; Tg*(*actin:GFP*) donors into wild-type hosts. While most of the resulting fish looked normal (we did not analyze these wild-type looking fish for donor tissue), we obtained 5 chimeric animals (\<1%) that showed a mutant phenotype in the entire body; all five fish had patches of labeled mutant donor tissue in the brain ([Figure 3](#fig3){ref-type="fig"}C), one of them additionally displayed labeled tissue in the liver. This indicates that *npm* activity is required in a specific small region in the brain.Figure 3*npm* Function Is Not Required in Pigment Cells, but in the Brain(A) Chimeric animals (A3, A4) derived from blastomere transplantations of *npm* donors (A1) into *nac;pfe;rse* hosts (A2).(B) Blastomere transplantations of *npm;Tg(ubi:Red)* donors (B1) into wild-type hosts (B2). A chimeric animal is shown (B3).(C) Fluorescent image of an open brain (outlined).

*npm* Encodes Galanin Receptor 1a {#sec1.4}
---------------------------------

We mapped the *npm* mutation to a 12 Mb region on chromosome 19 (corresponding to 14.5--25.5 Mb in GRCz11) ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Given the information that a CRISPR-mediated knockout of the *galanin* gene in zebrafish yielded a pigmentation phenotype similar to *npm* (Ajeet P. Singh and Mark C. Fishman, personal communication), we identified *galr1A* as a candidate gene responsible for the *npm* phenotype. Indeed, we found that the splice donor site at the end of exon1 of *galr1A* is disrupted in *npm* by a repetitive sequence element. This results in the activation of a cryptic splice site leading to a variant transcript lacking 63 bases at the end of the 1^st^ exon. The 63 bases absent in the mutant transcript correspond to a deletion of 21 amino acids in the protein, predicted to coincide with the 5^th^ transmembrane domain of the receptor ([Figures S2](#mmc1){ref-type="supplementary-material"}B--S2D). This is expected to result in a complete loss of function.

We used CRISPR/Cas9 to generate a 4 base pair deletion in the 1^st^ exon of *galr1A*, which results in a loss-of-function allele due to a frameshift and premature stop codon ([Figure S2](#mmc1){ref-type="supplementary-material"}B). We also generated a 7 base pair deletion in *galanin* ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Both the *galr1A* and the *galanin* knockout alleles lead to a phenotype similar to *npm*, with only 3 stripes and reduced melanophore density ([Figures 4](#fig4){ref-type="fig"}A2, 4A4, [S3](#mmc1){ref-type="supplementary-material"}B, and S3C). The *galr1A k.o.* allele does not complement *npm* ([Figure 4](#fig4){ref-type="fig"}A3).

Galr1A is one of four paralogous receptors for the neuropeptide galanin in zebrafish \[[@bib28]\]; however, the similarity of the loss-of-function phenotypes for both genes, *galn* and *galr1A*, indicates that galanin signaling via only one of these receptors, Galr1A, is responsible for the pigmentation defects we observe in the mutant fish.

Loss of Function of Either Galanin or Galnr1a Leads to Increased Thyroid Hormone Levels in Mutant Fish {#sec1.5}
------------------------------------------------------------------------------------------------------

In agreement with previously published reports \[[@bib28], [@bib29]\], we find that *galanin* and *galr1A* are expressed in the brain and (weakly) the intestine of zebrafish ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Together with our transplantation results, this suggests that galanin signaling through Galr1A functions in the brain, possibly by regulating endocrine pathways that in turn control pigment cell behavior.

Galanin has been implicated in the regulation of several endocrine pathways at the level of the hypothalamus and/or the pituitary gland \[[@bib30]\], including the thyroid hormone pathway \[[@bib31]\]. The reduction of melanophores and the increase of pigmented xanthophore numbers in *npm* mutants resembles the phenotype of the hyperthyroid zebrafish mutant *opallus* and the phenotype resulting from oral administration of T3 hormone \[[@bib6], [@bib32]\]. We find that the loss of either galanin or Galr1A function leads to a transcriptional upregulation of the thyroid hormone precursor *thyroglobulin* and to increased levels of T4 thyroid hormone ([Figures 4](#fig4){ref-type="fig"}B and 4C). To test at what level galanin signaling regulates thyroid hormone production, we analyzed the transcript levels of the upstream regulators *thyrotropin-releasing hormone* (*trh*) and *thyroid stimulating hormone* (*tsh*). While the expression of both is increased in *galn* mutants, in *npm, trh* levels are not significantly altered and the significance of *tsh* upregulation is only weak ([Figures 4](#fig4){ref-type="fig"}D and 4E). In larvae, *galn* is expressed in clusters of cells in the anterior hypothalamus \[[@bib33]\], while *galr1A* is more widely expressed in the head \[[@bib28]\]. Given the strong expression of both genes in the brain of adult fish ([Figure S3](#mmc1){ref-type="supplementary-material"}A), we suggest that galanin signaling functions as a negative regulator of thyroid hormone production though Galr1A at the level of the pituitary gland or the hypothalamus. Thyroid hormone levels were shown to affect differentiation of melanophores and xanthophores in different ways \[[@bib6], [@bib25]\]. Lower levels of the hormone reduce terminal differentiation of melanophores and re-pigmentation of xanthophores during larval development \[[@bib25]\]. Higher hormone levels, as they occur in the mutants described here, drive melanophores into premature terminal differentiation \[[@bib6], [@bib25]\], thereby restricting their numbers and influencing their interactions with other pigment cells.Figure 4*Galanin Receptor 1A* Is Mutated in *npm*(A) Phenotypes of *npm* (A1) and CRISPR-Cas9 induced frameshift mutations in *galr1A* (A2), *galn* (A4), and a *trans*-heterozygous fish *galr1A*/*npm* (A3) (see also [Figures S2](#mmc1){ref-type="supplementary-material"}, [S3](#mmc1){ref-type="supplementary-material"}, and [S4](#mmc1){ref-type="supplementary-material"}).(B) T4 thyroid hormone levels measured in wild-type, *galn*, and *npm* mutants (mean ± SD, n = 6 for WT, n = 5 for *galn*, n = 4 for *npm*).(C--E) Relative transcript abundance for *thyroglobulin* (*tg*; C), *thyroid-stimulating hormone* (*tshba*; D), and *thyrotropin-releasing hormone* (*trh*; E) in the heads of *galn* (n = 8) and *npm* (n = 7) mutant fish compared to wild-type (n = 9). The plots depict the mean values (horizontal line), the first and third quartiles (box), and the lowest and highest values no further than 1.5 × IQR (interquartile range) from the hinge (whiskers); outliers are plotted as individual points (^∗^p \< 0.09; ^∗∗^p \< 0.05; ^∗∗∗^p \< 0.01; n.s., not significant).

In zebrafish, the loss of *galr1A* results in a similar phenotype as the loss of its ligand *galanin*. The paralogous receptors, Galr1B, Galr2A, and Gal2B, apparently cannot compensate for the loss of Galr1A with respect to thyroid hormone signaling and pigment pattern formation, and their expression is mostly not altered upon loss of function of *galanin* or *galr1A* ([Figure S4](#mmc1){ref-type="supplementary-material"}A). They might have other functions, which we did not detect in our mutants. Alternatively, other ligands might exist in zebrafish, not yet identified and annotated in the genome. In mammals, galanin-like peptides have been identified that show only limited sequence similarity to galanin but signal via some of the same receptors \[[@bib34], [@bib35]\]. A likely candidate for a galanin-like peptide in zebrafish is *si:rp71-1c10.8*, predicted to code for a peptide with a 13 amino acid N terminus identical to Galn ([Figure S3](#mmc1){ref-type="supplementary-material"}D).

Insulin signaling is another endocrine pathway known to affect pigment cell development and behavior: overactive insulin b signaling in melanophores results in over-proliferation and hyperdendritic cells \[[@bib24]\]. While we see similar melanophore shape defects in *npm* mutants ([Figure S1](#mmc1){ref-type="supplementary-material"}), we detected no change of *insb* expression in the mutants ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Similarly, no change of expression is observed for *pomca*, the precursor for melanocortin receptors agonists ([Figure S4](#mmc1){ref-type="supplementary-material"}B).

Presently, we can only speculate about the role Galr1A signaling plays in the interaction between pigment cells, which is required for producing the precise shaping and superposition of all three pigment cell types during stripe formation. The *npm* phenotype does not resemble that of any known pigmentation gene involved in these heterotypic interactions. The mixing of melanophores and xanthophores in the similar *opallus* mutants and the loss of stripes has been suggested to bear some resemblance to the color pattern of a species closely related to zebrafish, *Danio albolineatus* \[[@bib6]\]. It seems possible that regulation by global hormonal control might be involved in the acquisition of novel patterns in evolution, similar to what has been proposed for endothelin signaling \[[@bib36], [@bib37]\]. The involvement of galanin signaling in color pattern formation in zebrafish may open up new approaches to understand the molecular details of the function of this neuropeptide.

STAR★Methods {#sec2}
============

Key Resources Table {#sec2.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Chemicals, Peptides, and Recombinant Proteins**(-) EpinephrineSigma-AldrichCat.-No. E4250Tricaine Methane SulphonatePHARMAQ, Hampshire, UKN/ATrizolThermoFisher ScientificCat.-No. 15596018**Critical Commercial Assays**DNeasy Blood & Tissue KitQIAGENCat.-No. 69504Fish Thyroxine, T4 ELISA KitMyBioSourceCat.-No. MBS1601699TruSeq DNA Nano KitIlluminaCat.-No. 20015964**Deposited Data**WGS mapping datathis studyENA: PRJEB32642**Experimental Models: Organisms/Strains**TÜZFIN: [ZDB-GENO-990623-3](zfin:ZDB-GENO-990623-3){#intref0010}WIKZFIN: [ZDB-GENO-010531-2](zfin:ZDB-GENO-010531-2){#intref0015}*nac*^*W2*^\[[@bib38]\]ZFIN: ZDB-ALT-990423-22*pfe*^*tm236b*^\[[@bib27]\]ZFIN: ZDB-ALT-980203-1613*rse*^*tLF802*^\[[@bib13]\]ZFIN: ZDB-ALT-140818-5*shd*^*j9s1*^\[[@bib12]\]ZFIN: ZDB-ALT-060909-2*Tg(actb:GFP)*K. PossN/A*Tg(ubb:LOX2272-LOXP-RFP-LOX2272-CFP-LOXP-YFP)*, "zebrabow"\[[@bib39]\]ZFIN: ZDB-TGCONSTRUCT-130816-1*galn*^*t12ae*^*(galn*^*k.o.*^*)*this studyN/A*galr1A*^*t14ae*^*(galr1A*^*k.o.*^*)*this studyN/A*galr1A*^*tnpm*^*(npm)*this studyN/A**Oligonucleotides**s. [Table S1](#mmc1){ref-type="supplementary-material"}N/A**Recombinant DNA**DR274\[[@bib40]\]AddGene \#42250**Software and Algorithms**bcl2fastq v2.16.0.10IlluminaN/AFastQCBabraham Bioinformatics<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>ImageJNIH<https://imagej.nih.gov/ij/>nCounter\[[@bib41]\]<http://www.nanostring.com/>R\[[@bib42]\]<https://www.R-project.org/>SNPTrack\[[@bib43]\]<http://genetics.bwh.harvard.edu/snptrack/>

Lead Contact and Materials Availability {#sec2.2}
---------------------------------------

Requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Uwe Irion (<uwe.irion@tuebingen.mpg.de>). Plasmids and mutant zebrafish lines generated in this study are available upon request.

Experimental Model and Subject Details {#sec2.3}
--------------------------------------

Zebrafish were maintained and bred under standard conditions as described \[[@bib44]\]. The following genotypes were used: TÜ and WIK wild-type strains; *nacre*^*w2*^ \[[@bib45]\], *pfeffer*^*tm236b*^ \[[@bib27]\], *rose*^*tLF802*^ \[[@bib13]\], *shady*^*j9s1*^ \[[@bib12]\]. *Tg(ubb:LOX2272-LOXP-RFP-LOX2272-CFP-LOXP-YFP)*, zebrabow, referred to as *Tg(ubi:Red)* (transgenic line expressing mRFP under control of 3,5 kb fragment of the *ubiquitin b* promoter, when not co-expressed with Cre-recombinase) \[[@bib46]\]. *Tg(actb:GFP)* (the transgenic line expressing EGFP under the control of a 5.3 kb fragment of the zebrafish *β-actin* promoter (bpeGFP) was a gift of K. Poss (unpublished).

All animal experiments were performed in accordance with the rules of the State of Baden-Württemberg, Germany, and approved by the Regierungspräsidium Tübingen.

Method Details {#sec2.4}
--------------

### Live imaging {#sec2.4.1}

Fish were anesthetized with 0.004% Tricaine. Metamorphic and post-metamorphic fish were measured and staged according to \[[@bib26]\], treated with 1mg/ml (-) Epinephrine to cause pigment granule aggregation and photographed with a Leica M205 FA stereomicroscope with a Leica DCF300 FX camera using the software LAS V4.1 to allow multifocus images. Adult fish were anaesthetized as above and photographed with a Canon EOS 5D MarkII camera and a Macro 100 or MP-E 65 objectives. Images were processed with Adobe Photoshop and Fiji (ImageJ) \[[@bib40]\].

### Transplantations {#sec2.4.2}

Blastula transplantations \[[@bib47]\] of either 30 or \> 100 blastomeres from donor to host embryos at the 1000-cell blastula stage were used to create chimeric animals. Upon transplantation of *npm; ubi:Red* blastomeres the chimeric animals displaying an *npm*-like phenotype were dissected and their tissues screened under the fluorescent Leica M205 FA stereomicroscope to detect RFP signal.

### Mutant mapping {#sec2.4.3}

Offspring of a cross between *npm*/WIK heterozygous fish were sorted according to phenotype (*npm* or wild-type). DNA from finclips of 96 mutant and wild-type fish was isolated using DNeasy Blood and Tissue kit (QIAGEN), pooled, sheared by Covaris to ∼400 bases length. Libraries were constructed using Truseq Nano kit (Illumina) and re-sequenced on HISeq3000. Sequence de-multiplexing and adaptor trimming was done by bcl2fastq v2.16.0.10 (Illumina), FastQC (Babraham Bioinformatics) was used for read quality control. The region harboring the mutation was mapped with SNPTrack \[[@bib43]\]. Data available at ENA: PRJEB32642.

### Generation of galr1A and galn loss-of-function alleles {#sec2.4.4}

CRISPR-Cas9 was used as described \[[@bib38], [@bib48]\] for targeted indel induction and generating of loss-of-function alleles of *galr1A* and *galanin*. Oligonucleotide pairs galr1A_CRISPR1 and −2, and galn_CRISPR1 and −2 ([Table S1](#mmc1){ref-type="supplementary-material"}) were annealed and cloned into pDR274 to create the template vectors for *in vitro* transcription of the sgRNAs with T7 RNA-Polymerase. Cas9 mRNA was produced as described previously \[[@bib19]\]. 2-4 nL of 200 ng/μl Cas9 mRNA and 15 ng/μl sgRNA were co-injected into one-cell stage embryos. The mosaic fish with pigmentation defects were outcrossed, sequenced with primers galr1A_seq_f and --r and galn_seq_f and --r, and used to establish mutants stocks.

### Pigment cell counts {#sec2.4.5}

The mid-trunk areas of adult fish were photographed with a Canon EOS 5D MarkII camera and a Macro MP-E 65 objective so that individual melanophores and xanthophores are seen in the first light stripe and the first ventral dark stripe. Individual cells were counted using the multi-point tool of ImageJ over the areas 1 −3 mm^2^, and the distances between neighboring cells were calculated using Delaunay-Voronoi plugin (<https://imagej.net/Delaunay_Voronoi>). For the visualization of xanthophores whole animals were fixed in a mixture of 4% formaldehyde and 4% glutaraldehyde in 0.5 x PBS over night at 4°C. The pictures were taken under blue light illumination with a Leica Camera DFC300FX mounted on a Leica MZ1 stereomicroscope.

### RT-PCR and sequencing of galr1A trancripts {#sec2.4.6}

Three month old female fish (TÜ) were dissected and brain, eye, skin, liver, ovary, gut, and muscle tissues were collected in TRIzol (Life Technologies). cDNA was produced using SuperScript II reverse transcriptase (Thermo Fisher Scientific). *galr1A* cDNA fragments were amplified with primers galr1A_cdna_f and --r, and *galn* cDNA fragments were amplified with primers galn_cdna_f and --r ([Table S1](#mmc1){ref-type="supplementary-material"}).

For comparison of mutant and wild-type *galr1A* transcripts, RNA was extracted from the brains of *npm* mutants and heterozygous siblings with TRIzol (Life Technologies) and cDNA was produced using SuperScript II reverse transcriptase (Thermo Fisher Scientific). *galr1A* cDNA fragments were amplified with primers galr1A_cdna_f and --r ([Table S1](#mmc1){ref-type="supplementary-material"}), subcloned into the vector pGEM-T-Easy (Clontech) and sequenced with M13f and M13r universal primers.

### Expression profiling {#sec2.4.7}

Three month old fish (n = 9 for TÜ, n = 8 for *galn*^*k.o.*^, n = 7 for *npm*) were decapitated, the heads were homogenized and RNA extracted with Trizol (Life Technologies). Direct expression measurement was done using the Nanostring technology \[[@bib39], [@bib41]\] by Proteros GmbH (Planegg, Germany). See [Table S2](#mmc1){ref-type="supplementary-material"} for the targeted transcripts and probe target sequences. The targets-specific fluorescent counts were normalized using nCounter \[[@bib39]\] based on positive control and housekeeping genes (*actb2*, *gapdh*). Statistical analysis of the data was performed and p values were calculated using unpaired two-tailed t tests.

### T4 quantification {#sec2.4.8}

Thyroid hormone (thyroxine, T4) levels were quantified from tissue homogenates (n = 6 for TÜ, n = 5 for *galn*^*k.o.*^, n = 4 for *npm*) using the 'Fish Thyroxine, T4 ELISA Kit' from MyBioSource Inc.. Experiments were performed according to the manufacturer's instructions. The data were analyzed with the elisaanalysis.com/app. p values were calculated using unpaired two-tailed t tests.

Quantification and Statistical Analysis {#sec2.5}
---------------------------------------

Statistical analysis and plotting of the data was carried out using R version 3.5.0 \[[@bib42]\].

Data and Code Availability {#sec2.6}
--------------------------

The dataset generated during this study is available at The European Nucleotide Archive (ENA) accession number: PRJEB32642.
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